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Edited by David LambethAbstract Resveratrol (3,4 0,5-trihydroxy stilbene), a plant de-
rived polyphenol found in mulberries, grapes and red wine is con-
sidered to possess chemopreventive properties against cancer. It
is recognized as a naturally occurring antioxidant but also cata-
lyzes oxidative DNA degradation in vitro in the presence of tran-
sition metal ions such as copper. Using a cellular system of
lymphocytes isolated from human peripheral blood and Comet
assay, we have conﬁrmed that resveratrol–Cu(II) system is in-
deed capable of causing DNA degradation in cells such as lym-
phocytes. Also, trans-stilbene, which does not have any
hydroxyl groups, is inactive in the lymphocyte system. Pre-incu-
bation of lymphocytes with resveratrol indicates that it is capable
of either traversing the cell membrane or binding to it. Our re-
sults are in partial support of our hypothesis that anticancer
properties of various plant derived polyphenols may involve
mobilization of endogenous copper and the consequent prooxi-
dant action.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Reactive oxygen species1. Introduction
Resveratrol (3,4 0,5-trihydroxy stilbene) belongs to a class of
compounds known as phytoalexins and has been isolated from
several spermatophytes of which grapevine peanuts and pines
are the prime representatives. Studies on resveratrol have
gained momentum in the last few years because of the phe-
nomenon of French Paradox, which refers to the paradoxical
ﬁnding that the incidence of coronary heart disease in the pop-
ulation of southern France is relatively low inspite of high in-
take of saturated fats in the diet. This phenomenon has been
correlated with a higher intake of red wine in this region with
resveratrol being identiﬁed as the major constituent responsi-
ble for this eﬀect.
Resveratrol has been reported to have a variety of anti-
inﬂammatory [1], anti-platelet [2], anti-mutagenic [3] eﬀects
and has been shown to be an agonist for the estrogen receptor
[4], a property relevant to its reported cardiovascular protec-
tive properties. It has been found to confer resistance to plants
against fungal infections [5] and inhibit DNA polymerase [6]*Corresponding author. Fax: +91 571 2706002.
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strated the inhibition of LDL oxidation by resveratrol and
Belguendouz et al. [9] have attributed this activity to chelate
copper ions. Resveratrol has been implicated as cancer chemo-
preventive agent capable of inhibiting all the three stages of
chemically induced carcinogenesis namely tumor initiation,
promotion and progression [1]. In agreement with the ﬁndings
that cancer chemopreventive agents can induce apoptosis [10–
12], resveratrol has been shown to induce apoptosis in human
tumor cells [13,14].
Earlier studies in our laboratory have established that sev-
eral antioxidant polyphenolic compounds of plant origin such
as ﬂavonoids [15], tannins [16] and curcumins [17] are them-
selves capable of inducing oxidative DNA damage either alone
or in the presence of certain transition metal ions especially
Cu(II). Further, it was also pointed out that several properties
of these compounds such as binding to DNA and its
degradation are similar to those of known anticancer drugs
such as bleomycin, adriamycin and 4 0-(9-acrdinylamino)
methanesulphone-m-anisidine (mAMSA) [18–20]. It has been
shown that the polyphenolic resveratrol is also capable of
strand breakage in DNA in the presence of copper ions [21].
Previously we have shown that resveratrol catalyzes the reduc-
tion of Cu(II) to Cu(I), which is accompanied by the formation
of oxidized product(s) of resveratrol, which in turn also appear
to catalyze the reduction of Cu(II). Further, strand scission by
the resveratrol–Cu(II) system was found to be biologically ac-
tive as assayed by bacteriophage inactivation [22]. Using a cel-
lular system of lymphocytes isolated from human peripheral
blood and alkaline single cell gel electrophoresis (Comet as-
say), we have conﬁrmed that resveratrol–Cu(II) system is in-
deed capable of causing DNA degradation in cells such as
lymphocytes. Further, the DNA degradation of lymphocytes
is inhibited by scavengers of reactive oxygen and neocuproine,
a Cu(I) speciﬁc sequestering agent. Also, similar to the in vitro
results, trans-stilbene which does not have any hydroxyl
groups is inactive in the lymphocyte system. These ﬁndings
demonstrate that the resveratrol–Cu(II) system for DNA
breakage is physiologically feasible and could be of biological
signiﬁcance.2. Materials and methods
2.1. Materials
Resveratrol, piceatannol, trans-stilbene, neocuproine, superoxide
dismutase (SOD), agarose, low melting point agarose (LMPA), RPMI
1640, Triton 100·, Trypan blue, Histopaque 1077 and phosphate buf-
fered saline (PBS) Ca++ and Mg++ free were purchased from Sigmaation of European Biochemical Societies.
Fig. 1. Chemical structures of (a) resveratrol, (b) piceatannol and (c)
trans-stilbene.
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according to standard methods [23]. All other chemicals were of ana-
lytical grade. Resveratrol was dissolved in 3 mM cold NaOH before
use as a stock of 1 mM solution. Upon addition to reaction mixtures,
in the presence of buﬀers mentioned and at the concentrations used,
resveratrol remained in solution. The volumes of stock solution added
did not lead to any appreciable change in the pH of reaction mixtures.
2.2. Isolation of lymphocytes
Heparinized blood samples (2 ml) from healthy donors were ob-
tained by venepuncture and diluted suitably in Ca++ and Mg++ free
PBS. Lymphocytes were isolated from blood using Histopaque 1077
(Sigma), the cells (2 · 105) were suspended in RPMI 1640.
2.3. Viability assessment of lymphocytes
The lymphocytes were checked for their viability before the start and
after the end of the reaction using Trypan Blue Exclusion test [24]. The
viability of the cells was found to be greater than 93%.
2.4. Treatment of lymphocytes
Lymphocytes were exposed to diﬀerent concentrations of resvera-
trol, piceatannol and trans-stilbene in the absence and presence of var-
ious concentrations of CuCl2 in a total reaction volume of 1 ml.
Incubation was performed at 37 C for 30 min or as speciﬁed. In some
experiments, lymphocytes were pre-incubated either with 50 lM resve-
ratrol or 20 lM CuCl2. In another set of experiments, scavengers of
reactive oxygen were added at the ﬁnal concentrations indicated. After
the incubation, the reaction mixture was centrifuged at 4000 rpm, the
supernatant was discarded and pelleted lymphocytes were resuspended
in 100 ll of PBS and processed further for Comet assay.
2.5. Comet assay
Comet assay was performed under alkaline conditions essentially
according to the procedure of Singh et al. [25] with slight modiﬁca-
tions. Fully frosted microscopic slides precoated with 1.0% normal
melting agarose at about 50 C (dissolved in Ca++ and Mg++ free
PBS) were used. Around 10 000 cells were mixed with 75 ll of 1.0%
LMPA to form a cell suspension and pipetted over the ﬁrst layer
and covered immediately by a coverslip. The slides were placed on a
ﬂat tray and kept on ice for 10 min to solidify the agarose. The cover-
slips were removed and a third layer of 0.5% LMPA (75 ll) was pipet-
ted and coverslips placed over it and allowed to solidify on ice for
5 min. The coverslips were removed and the slides were immersed in
cold lysing solution containing 2.5 M NaCl, 100 mM EDTA, 10 mM
Tris, pH 10, and 1% Triton 100· added just prior to use for a minimum
of 1 h at 4 C. After lysis DNA was allowed to unwind for 30 min in
alkaline electrophoretic solution consisting of 300 mM NaOH, 1 mM
EDTA, pH > 13. Electrophoresis was performed at 4 C in a ﬁeld
strength of 0.7 V/cm and 300 mA current. The slides were then neutral-
ized with cold 0.4 M Tris, pH 7.5, stained with 75 ll EtBr (20 lg/ml)
and covered with a coverslip. The slides were placed in a humidiﬁed
chamber to prevent drying of the gel and analyzed the same day. Slides
were scored using an image analysis system (Komet 5.5, Kinetic Imag-
ing, Liverpool, UK) attached to a Olympus (CX41) ﬂuorescent micro-
scope and a COHU 4910 (equipped with a 510–560 nm excitation andFig. 2. Single cell gel electrophoresis of human peripheral lymphocytes sho
Cu(II) alone (20 lM) (b) and with resveratrol (50 lM) and Cu(II) (20 lM) (590 nm barrier ﬁlters) integrated CC camera. Comets were scored at
100 ·magniﬁcation. Images from 50 cells (25 from each replicate slide)
were analyzed. The parameter taken to assess lymphocytes DNA dam-
age was tail length (migration of DNA from the nucleus, lm) and was
automatically generated by Komet 5.5 image analysis system.
2.6. Statistics
The statistical analysis was performed as described by Tice et al. [26]
and is expressed as ±S.E.M. of three experiments. A students t test was
used to examine statistically signiﬁcant diﬀerences. Analysis of vari-
ance was performed using ANOVA. P values <0.05 were considered
statistically signiﬁcant.3. Results and discussion
3.1. DNA breakage induced by resveratrol–Cu(II) in
lymphocytes as measured by Comet assay
The structures of resveratrol, the structurally similar picea-
tannol and the parent compound trans-stilbene used in this
study are given in Fig. 1. Increasing concentrations of resvera-
trol (10–100 lM) either alone or in the presence of 20 lM
CuCl2 were tested for DNA breakage in isolated lymphocytes
using the Comet assay. Resveratrol alone, at any of the con-
centrations tested did not damage the lymphocyte DNA
whereas on addition of Cu(II) DNA damage to varying de-
grees was observed (results not shown). Photographs of Com-
ets seen on treatment with 50 lM resveratrol alone (a), 20 lM
Cu(II) alone (b) and in the presence of both these additions (c)
are shown in Fig. 2. Untreated lymphocyte controls were sim-
ilar to resveratrol alone or Cu(II) alone (results not shown).
The results clearly establish that resveratrol–Cu(II) system is
capable of DNA breakage in lymphocytes. A similar experi-
ment with increasing concentrations of Cu(II) (5–20 lM) atwing comet (100·) after treatment with resveratrol alone (50 lM) (a),
c).
Table 1
Eﬀect of scavengers of active oxygen species on lymphocyte DNA
breakage by resveratrol–Cu(II)
Treatment Tail length
(lm)
Inhibition
(%)
Untreated (#) 2.50 ± 0.15 –
Resveratrol (50 lM) + Cu(II) (20 lM) 22.88 ± 2.01* 0
+ Sodium azide (1 mM) 4.22 ± 0.38* 81.55
+ Potassium iodide (1 mM) 8.77 ± 0.85* 61.66
+ Thiourea (1 mM) 6.03 ± 0.55* 73.64
+ Ascorbate (1 mM) 7.92 ± 0.78* 65.38
+ Glutathione (1 mM) 10.28 ± 1.11* 55.38
+ Neocuproine (1 mM) 10.27 ± 1.03* 55.11
+ Superoxide dismutase (100 lg/ml) 7.65 ± 0.73* 66.56
+ Catalase (100 lg/ml) 6.62 ± 0.59* 71.06
*P < 0.05 by comparison with control (#). Data represent med-
ian ± S.E.M. of three independent experiments.
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out. An increasing degree of DNA damage with increasing
Cu(II) concentrations was seen (results not shown).
3.2. Eﬀect of active oxygen scavengers on resveratrol–Cu(II)
induced DNA damage in lymphocytes
In a previous study [22], we had shown that the resveratrol–
Cu(II) mediated degradation of DNA and inactivation of
bacteriophage k is inhibited to signiﬁcant degrees by various
scavengers of reactive oxygen species. Table 1 gives the results
of an experiment where the eﬀect of sodium azide, potassium
iodide, thiourea, neocuoproine, superoxide dismutase (SOD)
and catalase were tested. SOD and catalase remove superoxide
and H2O2, respectively. Sodium azide is a scavenger of singlet
oxygen and potassium iodide and thiourea remove hydroxyl
radicals. From the data, we conclude that H2O2 is an essential
component in the pathway that leads to the formation of reac-
tive oxygen species, of which superoxide anion and singlet oxy-
gen are alternate DNA damaging agents. Neocuproine is a
Cu(I) speciﬁc sequestering agent which as expected also inhib-
its DNA breakage. The results suggest that the chemically in-
duced DNA breakage observed in vitro and lymphocyte DNAFig. 3. Degradation of pBR322 plasmid DNA by resveratrol, piceatannol a
alone; lanes 2–4, DNA + resveratrol, piceatannol and trans-stilbene (50
(50 lM) + Cu(II) (20 lM); SC, supercoiled DNA; OC, nicked circular; LIN,damage by resveratrol–Cu(II) system are most likely the result
of the same mechanism. However, it is realized that direct con-
ﬁrmation of the result requires additional work.
3.3. Cleavage of plasmid pBR322 DNA by resveratrol,
piceatannol and trans-stilbene
In order to understand the chemical basis of DNA breakage
by resveratrol–Cu(II) system, we have compared the relative
DNA cleavage eﬃciency of resveratrol, piceatannol, and the
parent compound trans-stilbene in plasmid pBR322 DNA. In
the results given in Fig. 3, both resveratrol and piceatannol
caused conversion of supercoiled plasmid molecules into linear
molecules. However, piceatannol also gives rise to smaller
sized heterogeneous fragments as indicated by the formation
of a smear on the gel. Thus, piceatannol is a more eﬃcient
DNA cleaving agent than resveratrol. Trans-stilbene, which
does not have any hydroxyl group, is not a cleaving agent.
These results demonstrate that the presence of hydroxyl
groups is essential for DNA cleavage. Further, the eﬃciency
of cleavage increases with the number of hydroxyl groups. A
similar comparison of the three (using the same concentra-
tions, i.e., 50 lM) for DNA breakage in lymphocytes was also
performed. The results are expressed as tail lengths of the
Comets in Fig. 4. In agreement with the results of Fig. 3, picea-
tannol shows the formation of largest tail followed by resvera-
trol and minimal tail formation in the case of trans-stilbene.
3.4. Eﬀect of pre-incubation of lymphocytes with resveratrol or
Cu(II) on resveratrol–Cu(II) mediated DNA breakage
Lymphocyte DNA breakage was also studied after pre-incu-
bating the cells with resveratrol after which the cells were
washed twice with PBS and incubated further in the presence
of CuCl2. The results given in Fig. 5. show that with increasing
concentration of resveratrol a progressive increase in DNA
breakage as indicated by increased tail length of Comets is ob-
served. A similar experiment was also done by pre-incubation
with CuCl2 and similar results were observed (Fig. 6). These re-
sults indicate that both resveratrol and Cu(II) are either able to
enter the cells or bind to the cell membrane.nd trans-stilbene in the absence and presence of Cu(II). Lane 1, DNA
lM); lanes 5–7, DNA + resveratrol, piceatannol and trans-stilbene
linear molecules.
Fig. 5. Eﬀect of pre-incubating the lymphocytes with increasing
concentrations of resveratrol on DNA breakage. The isolated cells
suspended in RPMI 1640 were pre-incubated with the indicated
concentrations of resveratrol for 30 min at 37 C. After pelleting the
cells were washed with PBS twice before resuspension in RPMI and
further incubation for 30 min in the presence of 20 lM Cu(II). Values
reported are ±S.E.M. of three independent experiments.
Fig. 6. Eﬀect of pre-incubating the lymphocytes with increasing
concentrations of Cu(II) on DNA breakage. The conditions of pre-
treatment and further treatment with 50 lM resveratrol were the same
as given in Fig. 5. Values reported are ±S.E.M. of three independent
experiments.
Fig. 4. A comparison of the DNA breakage in human lymphocytes by
resveratrol (d), piceatannol (j) and trans-stilbene (.) in the presence
of Cu(II). The concentration of Cu(II) was 20 lM. Values reported are
±S.E.M. of three independent experiments.
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idant polyphenols also exhibit oxidative DNA degradation
properties particularly in the presence of transition metal ions
such as copper. Evidence in the literature suggests that antioxi-
dant properties of these polyphenols may not fully account for
their anticancer eﬀects [27]. Further, we have previously shown
that the polyphenol gallic acid is highly eﬃcient in DNA degra-
dation as compared with syringic acid (where two of the hydro-
xyl groups of gallic acid are modiﬁed) [28]. Interestingly,
modiﬁcation of phenolic hydroxyl groups such as that resulting
in the formation of syringic acid abolishes the apoptosis induc-
ing capacity of gallic acid [29]. It is to be noted that piceatannol
which is the tetra-hydroxy derivative of resveratrol (Fig. 1) is
also a potent inducer of apoptosis in human SK-Mel-28 Mela-
noma cells [30]. Indeed, it has been shown that resveratrol is con-
verted to piceatannol by cytochrome P450 enzyme CYP1B1
from human lymphoblast microsomes [31]. Recently, Dong[12] has shown that a penta hydroxyl synthetic derivative of res-
veratrol was more eﬀective as an inhibitor of EGF induced cell
transformation as compared with resveratrol. Based on our
ownobservations and those of others, wehave proposed amech-
anism for the cytotoxic action of plant polyphenolics against
cancer cells that involves mobilization of endogenous copper
and the consequent prooxidant action [32]. Thus, themajor con-
clusion of the present study is that polyphenol-Cu(II) mediated
chemical cleavage of DNA is a physiologically feasible reaction
and may be of biological signiﬁcance. Our idea is strengthened
by a number of other observations mentioned earlier [32]. More
signiﬁcantly it has been proposed that most clinically used anti-
cancer drugs can activate late events of apoptosis (DNA degra-
dation and morphological changes), and the essential signaling
pathway diﬀers between pharmacological cell death and physio-
logical induction of cell death [33], Cu++ and Zn++ are themajor
metal ions present in the nucleus [34], serum [35] and tissue [36]
concentrations of copper are greatly increased in various malig-
nancies. Copper ions from chromatin can be mobilized bymetal
chelating agents giving rise to internucleosomal DNA fragmen-
tation apropertywhich is the hallmarkof cells undergoing apop-
tosis [37]. It has recently been shown that the polyphenol
curcumin mediated apoptosis of HL60 cells is closely related
to the increase in the concentrations of reactive oxygen species
possibly generated through the reduction of transition metals
in cells [38]. Thus, it is possible that cellular DNA fragmentation
by plant polyphenolics that involves mobilization of intra-cellu-
lar and extra-cellular copper could be one of the mechanisms in-
volved in the chemopreventive properties of these compounds.Acknowledgments: The authors acknowledge the ﬁnancial assistance
provided by the University Grants Commission, New Delhi under
the DRS programme.References
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